We used confocal laser scanning microscopy (CLSM) to investigate the morphology and three dimensional relationships of the microcirculation of the superficial layers of the rat brain cortex in vivo. In anes thetized rats equipped with a closed cranial window (dura mater removed), after i. v. injection of 3 mg/IOO g of body weight of fluorescein in 0.5 ml of saline, serial optical sections of the brain cortex intra parenchymal microcir culation were taken. Excitation was at a wavelength of 488 nm (argon laser), and emission was collected above 515 nm. CLSM provided images of brain vessels with sufficient signal-to-noise ratio for three-dimensional re constructions down to a depth of 250 f.Lm beneath the
Much of our present knowledge on the regulation of cerebral blood flow stems from the observation of pial vessels on the brain surface of experimental animals in situ. Although the observation of deeper vascular structures such as brain capillaries up to a depth of 50 j.Lm has been reported anecdotally (Rosenblum and Zweifach, 1963; Ma et aI. , 1974) , the limited depth resolution of conventional wide field epiluminescent light microscopy and the opti cal properties of brain tissue did not permit system atic studies of the microcirculation beneath the brain surface.
In a previous report, we demonstrated that con focal laser scanning microscopy (C LSM), a new light microscopic technique with far improved depth discrimination properties, can be used to study pial vessels in a closed cranial window model surface of the brain. Compared to conventional fluores cence microscopy, CLSM has a much higher axial reso lution and higher depth of penetration. Laser light induced intravascular aggregates, irregularities of eryth rocyte flow, or microvascular occlusions ("light and dye injury") were not apparent in the current experimental paradigm. CLSM is a promising new tool for in vivo vi sualization of the cerebral microcirculation. Future stud ies have to characterize the potential damage to the tissue caused by the cranial window preparation and light and dye mechanisms. Key Words: Cerebral microcircula tion-Confocal laser scanning microscopy-Cranial win dow-Fluorescein angiography-Optical sectioning.
through the intact dura mater (Villringer et aI., 1989) . We now demonstrate that CLSM permits the in vivo observation of fluorescein-filled blood ves sels down to 250 j.Lm beneath the brain surface in noninvasive optical sections. Based on adjacent planes 2 j.Lm apart from each other, three-dimen sional reconstructions of the microvascular archi tecture from the pial level to the capillary network 250 j.Lm beneath the brain surface were obtained in vivo.
METHODS

Surgical procedures and closed cranial window technique
Thirty-one male Wistar rats (260-310 g) were anesthe tized with thiobutabarbiturate (Inactin, BYK Pharmaceu ticals, Konstenz, Germany; initial dosage of 100 mg/kg of body weight), tracheotomized, and the left femoral artery and vein were cannulated. A continuous i. v. saline infu sion (1 ml/h) was started and the animals were relaxed (pancuronium bromide, 0.1 mg/kg/h, Organon Teknika, Eppelheim, Germany) and ventilated (Harvard Rodent Respirator, Harvard, South Natick, MA, U.S.A.). The animals were placed in a stereotactic frame and a closed cranial window was implanted over the right parietal bone as described by Morii et al. (1986) .
In short, the skull was exposed with a midline sagittal incision and a craniectomy (size 5 x 4 mm) was per formed 3 mm to the right of the sagittal suture and 2 mm caudal to the coronal suture. The dura mater was incised and removed under artificial cerebrospinal fluid (CSF) to expose the pia-arachnoid. In a previous study, we showed that CLSM permits visualization of the pial mi crocirculation after fluorescein injection (Villringer et aI., 1989) with intact dura, but the opacity of the dura and the intense and diffuse fluorescence of the membrane after fluorescein injection severely limits the depth of penetra tion. The artificial CSF (Levasseur et aI., 1975) was equil ibrated with gas containing 6.6% 02' 5.9% CO2, and 87.5% N2, which gives gas tensions and a pH in the nor mal range for CSF. No cautery or hemostatics were used, and bleeding from dural vessels or erythrocytes from other sources on the brain surface detectable with the operating microscope (x40 magnification) led to exclu sion of the animal (n = 8). The time period from the opening of the dura to the closure of the window was below 10 min. Since the working distance of the water immersion microscope objective to be used for CLSM was 1.6 mm (see below), care was taken to minimize the distance from the outer surface of the window to the sur face of the brain «1 mm), and the window used was cut from a microscopic cover slip ( Fig. 1 ). To prevent brain herniation, the animals were hyperventilated (paC02 < 25 mm Hg) from the opening of the dura until the window was closed « 10 min). During the whole experiment, ar tificial CSF (composition see above) was superfused over the brain at a rate of 1 mUh and the intracranial pressure was controlled at 3 ± 1 mm Hg by adjusting the level of the cranial window outflow catheter.
Physiological monitoring
End-expiratory pC02 (Heyer CO2 Monitor EGM I, Bad Ems, Germany), arterial blood pressure, and intracranial pressure (Statham P23 ID) were analog/digital converted and recorded continually on a microcomputer (Macintosh II with Labview, Natl. Instruments Software). Body tem perature was controlled at 38 ± 1°C. The arterial pC02 was controlled at 35 ± 5 mm Hg by adjusting the respiargon laser photomultiplier rator, and arterial pC02, p02' and pH were measured serially (A VL Gas Check Model 940, Bad Hamburg, Ger many). Hematocrit was measured at the beginning and at the end of each experiment.
Confocal laser scanning microscopy
The principles of CLSM have been described in great detail elsewhere (Wilson and Carlini, 1987; Fine et al., 1988; Brakenhoff et aI., 1989; Wilson, 1989; Carlsson, 1990a; Inoue, 1990) . In short, in a confocal microscope, the illumination and detection are confined to the same spot in the specimen at any one time. As a result, only what is "in focus" is detected. A full image is generated by serially scanning the laser beam over a fixed specimen (beam scanning). Laser light presents the advantage of adequate intensity. The light returning (reflected or emit ted via fluorescence) from the specimen is collected by a photomUltiplier, and the image is generated electronically from the multiplier's serial output.
We used a Biorad MRC-500 CLSM system equipped with the optical unit of the MRC-600 model (Biorad Mi croscience Division, U.K.) attached to a Nikon Optiphot microscope ( Fig. 1) . A miniaturized animal holder and a warm-water heating coil were mounted on the stage of the microscope. The z movement of the stage was controlled by a z stepper capable of moving the stage in 0.1 fLm increments.
The microscope objective was a x40 water immersion objective (Zeiss, Oberkochen, Germany, numerical aper ture of 0.75, working distance of 1.6 mm) corrected for a cover slip. The calculated distance in the z direction be tween focal planes on either side of focus at which the intensity of the image falls to half-maximum ("depth of focus") for this lens system in the reflection mode was 0.95 fLm (Xiao and Kino, 1987 ; see the Discussion).
The laser source was an argon laser (Ion Laser Tech nologies, Model 5425, Salt Lake City, UT, U.S.A., max imum output of 25 m W) with principal lines at 488 nm (blue) and 514 nm (green). The laser power is reduced by neutral density (ND) filters, and energy loss along the beam path (mirrors, filters, lenses, cover slip, etc.). The standard ND filter used for imaging was a ND 3 filter (1 % transmission). For a standard setup (Biorad MRC-500/600), the laser power per pixel reaching the specimen needed to produce a sufficient signal-to-noise ratio has been measured to be approximately 0. 1 m W (Brad Amos, personal communication). For fluorescein angiography, a blue excitation filter set (excitor filter 488 DF 10, dichroic reflector 510 LP, emission filter OG 515 LP) was used.
Acquisition time for one full frame ranged from 1 s (resolution of 768 x 512 pixels) to 1/ 16 s (resolution of 168 x 128 pixels). To improve the signal-to-noise ratio, for three-dimensional reconstructions, each single image was the average of 10 frames. To reduce motion artifacts due to respiration (up to 10 !Lm), frames were collected trig gered by respiration. Corresponding to respiratory rates of 60-80/min, each respiratory cycle of the ventilated rat is about 0.75-1 s long; therefore, averaged images may not be absolutely planar but slightly distorted (without blurring) with respiratory movement. Since only one frame could be collected at each respiratory cycle, the acquisition time for a typical three-dimensional date set (50 images, each an average of 10 frames and 2 !Lm apart, resolution of 384 x 256 pixels, respiration rate of 80/min) was approximately 6 min. Motion of the brain caused by the arterial pulse did not visibly affect image quality.
Image processing
Image processing (including three-dimensional recon structions) was performed off-line on a microcomputer equipped with an erasable magneto-optical drive (capac ity of 600 MB), using Biorad software. Standard proce dures included normalization, high or low pass filtering, and thresholding. Three-dimensional reconstructions were performed using maximum-brightness projection and average-brightness projection (weight factor of 2) al gorithms.
Experimental paradigm
After surgery (time for completion including implanta tion of the cranial window was 2 to 3 h), the animals were placed in the heating coil and animal holder on the stage of the microscope. The surface of the cranial window was focused with the CLSM and a single line was scanned in the reflection mode (i.e., no emission and excitation fil ters in the path of the laser beam) serially at various z levels into the direction of the brain for spatial orientation (localization of the brain surface, distance from the win dow-brain surface, area free of dura), producing a xz im age ( Fig. 2A/B ).
With the z stepper, the horizontal plane of focus was set 20 !Lm above the pia-arachnoid and fluorescein (3 mg/IOO g of body weight of fluorescein sodium salt, Sigma Chemicals, Deisenhofen, Germany; MW = 376, in 0.5 ml of 0.9% saline) was injected i. v. The filter set was changed from filters for reflection imaging to filters for fluorescein excitation (see above), and three-dimensional data sets were collected by serially imaging xy sections (typical size of 126 x 84 !Lm) at z intervals of 2 !Lm. Integrity of the blood-brain barrier was a prerequisite for inclusion of the animal in the study. Animals in which after administration of fluorescein a leakage of fluores cein was observed (n = 3) (Wahl et aI., 1985; Olesen, 1987; Watanabe and Rosenblum, 1987) were excluded from the study. Data sets were obtained from various sites of the exposed brain ( � 10 per animal) and covered a z distance from several !Lm above the pial vessels to 250 !Lm beneath the brain surface. At various sites within the (e) Reflection-mode image perpendicular to the optical axis (xy section) of the subarachnoid space (sa, perivascular sub arachnoid space; am, arachnoid membrane; w, vessel wall; bc, blood cells). Scale bar is 25 tJ.m. Note the distortion along the vertical axis of the blood cells. Vertical scan speed (ap proximately 100 tJ.m/s in this image) is too slow to resolve these fast-moving objects.
cortex, three-dimensional data sets were collected at higher resolution ('zoom') and smaller z steps (l !Lm) to investigate details (e.g., single capillaries).
RESULTS
Reflection mode CLSM
The brain surface was localized in each animal at the beginning of the experiment in the reflection mode. Figure 2A shows a typical xz section (i.e., parallel to the optical axis); the cranial window (in ner and outer surface of the window wi in Fig. 2A ) and the arachnoid membrane (am in Fig. 2A/B ) are delineated as brightly reflecting lines. In an xz sec tion of higher magnification and smaller z incre ments, the arachnoid (am in Fig. 2B ), the subarach noid space (sa in Fig. 2B ), and the outer layers of the cortex (ctx in Fig. 2B ) are shown. The distance from the outer surface of the window to the pia mater (" surface" of the brain) ranged from 600-900 !-lm (approximately 700 !-lm in Fig. 2A ). Optical sec tioning (xy sections) in the subarachnoid space al lowed the imaging of subarachnoid structures in cluding the pial microcirculation. Figure 2C shows a section through a pial vein. The subarachnoid space is clearly visible between the vessel wall and the pia-arachnoid complex (Pease and Schulz, 1959) to the left and right of the vein.
Fluorescence mode CLSM Very little autofluorescence of the brain tissue could be detected. After the injection of fluores-cein, the subarachnoid space and the outer layers of the parietal cortex were studied in sequential opti cal sections in a plane perpendicular to the optical axis (xy sections). A typical stack of xy sections is shown in Fig. 3 . The original data set consisted of 50 optical sections 3 f.Lm apart; Fig. 3 shows only every third section (distance of 9 f.Lm).
Three-dimensional reconstructions were calcu lated off-line from stacks of xy sections. Figure 4A and 4B show xy and xz projections, respectively, calculated from the data set of Fig. 3 . Selected stacks of optical sections were used for serial through projections with a 9° increment. Forty through projections with a 9° increment yield 360° views, which were animated on the computer screen as a rotating microvascular tree for detailed morphological investigation.
At a higher magnification and smaller field of view, selected capillary structures were investi gated in more detail. Figure 4C and 4D show capil lary loops from 130 to 165 f.Lm beneath the surface of the brain in xy and xz projections (35 sections 1 f.Lm apart).
U sing the three-dimensional representation of our data sets, vessel types were determined by trac ing the course of the vessel from or to large (>50 f.Lm) pial arteries or veins. These larger vessels were easily identified in the reflection mode according to one or more of the following criteria: the vessel walls of veins are thinner than the wall of arteries, arteries are pUlsating with the heart beat, flow ve locities are higher in arteries, branches of arteries are set at acute angles, and arterial calibers remain often nearly unchanged during their course in the subarachnoid space or cortex (Baer, 1981) .
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DISCUSSION
Various in vivo and ex vivo approaches have been used to study the brain microcirculation. Very-high-resolution images of microvascular pat terns of virtually any brain region can be obtained by scanning electron microscopy of corrosion casts (Nakai et aI., 1981; Motti et aI., 1986) , but the in terpretation of the casts is potentially hampered by various artifacts (Motti et aI., 1986) . The most seri ous criticism, however, is that casts do not reflect the physiological state of the microvessels under study (Lametschwandtner and Lametschwandtner Albrecht, 1983 ). Furthermore, no dynamic studies are possible with this postmortem method. Another ex vivo approach to the study of brain microcircu latory morphology is based on morphometry of stained sections (Wiederhold et aI., 1976) . In addi tion, capillary perfusion patterns (Weiss, 1988 ; En nis et aI., 1990; Vetterlein et aI., 1990) and regional cerebral blood flow and metabolism in the micro circulation (Klein et aI., 1986; Gross et aI., 1987; Ennis et aI., 1990) can be studied by plasma labeling before killing the experimental animal.
Cranial window techniques permit the examina tion of the pial microcirculation in vivo (McCulloch and Edvinsson, 1984) . However, due to the limited depth resolution and penetration of conventional microscopy, few in vivo investigations of the intra cortical microcirculation have been reported. In cranial window preparations, the superficial corti cal microcirculation, including capillaries, can be observed under favorable conditions using wide field epi-illumination microscopic techniques (Rosenblum and Zweifach, 1963; Ma et aI., 1974) to 50 fLm beneath the surface of the cortex, but no exact depth determinations could be made, and three-dimensional reconstructions were not feasi ble. A much higher depth of penetration was ac complished using in vivo microtransillumination of the cat cortex (Pawlik et al., 1981) , but the brain had to be impaled with the transilluminator, and no closed cranial window could be used.
The purpose of this study was to extend the ap plication of direct in vivo microscopic observation to structures beneath the brain surface. Using in vivo fluorescence CLSM, images of intraparenchy mal brain vessels with sufficient signal-to-noise ra tio for three-dimensional reconstruction were col lected up to 250 fLm beneath the surface of the cortex. Based on these optical sections, three dimensional reconstructions of the microvascular tree of the outer layers of the cortex were made. These results demonstrate that CLSM can be used to study the intraparenchymal microcirculation of the brain cortex in vivo.
From feasibility to validity
However, before CLSM can be applied to the study of the physiology and pathophysiology of the brain microcirculation, various aspects have to be considered: the potential of damage to the tissue, the optical properties of the system, and the time resolution of the method.
Potential sources of tissue damage Rosenblum (1970) described that the illumination of pial vessels containing fluorescein (0.2 ml/100 g of body weight of 2% fluorescein solution) induces platelet aggregates and endothelial injury (Rosen blum and EI-Sabban, 1977; Rosenblum, 1978) with subsequent disruption of the blood-brain barrier and extravasation of fluorescein. Similar damage has been observed in the hamster cheek pouch by Herrmann (1983) . Bekker et al. (1987) demonstrated that the buildup of aggregates in the microvessel lumen results in a change in microcirculatory hemo dynamics. The damage is probably mediated by an active radical species of oxygen, since scavengers of singlet oxygen delay the process (Herrmann, 1983) .
In our experiments, no aggregates were ob served. After a typical experiment of approximately 1 to 2 h (acquisition of data for three-dimensional reconstruction at 5 to 10 different sites), no hot spots and no increase in tissue fluorescence as signs of blood-brain barrier disruption and no change in intravascular fluorescence patterns were seen. Even 5 min of continuous focal illumination of a single capillary did not result in any visible damage. Rosenblum et al. injected approximately twice the dose of fluorescein and conventional epi-ilIu mination fluorescence microscopy was used (Mer cury lamp, filters with peak transmission at 400 nm) (Povlishok et al., 1983) . One possible reason for the fact that we did not observe endothelial damage might be the lower time-intensity integral of CLSM, which is mostly due to the very short dwell time of CLSM (2 x 10-6 s), 50 to 100 times smaller than in wide-field fluorescence microscopy. Mea surements of the laser power per tissue volume and the illumination-time interval in the current exper imental setup are extremely difficult, and no at tempt has been made to quantify the power-time integral in this study.
To evaluate the role of laser power for endothelial damage in our model, in a series of experiments we deliberately tried to induce endothelial damage by using higher laser power than in the experimental protocol described above. Figure 5A shows an im age of a capillary 110 fLm beneath the brain surface. Erythrocytes are seen in negative contrast within the fluorescein-labeled plasma. In movie-like se quences (frame rate of 16/s), erythrocyte flow pat terns can be followed continuously on the screen and recorded on a video recorder. Since the eryth rocytes' flow velocity may be faster than the verti cal velocity of the laser scan beam, they may be undersampled and their shape may appear dis torted.
With the ND 3 filter (1% of maximum laser power), intraparenchymal capillary flow patterns (capillaries cycling between erythrocyte flow with various velocities and plasmatic states) were ob served continuously for up to 45 min without appar ent changes in overall flux. Five to 10 min of con- and occlusion of the capillary after 7 min of continuous focal illumination with neutral-density filter ND1 (10% transmis sion). Scale bar is 10 fLm.
tinuous focal illumination using the ND 2 filter (3% of maximum laser power) did not alter intracapillary flow or intravascular fluorescence patterns. How ever, 5-10 min of focal illumination with 10 times the standard laser power (ND 1 corresponding to 10% of maximal laser power) or 0.5 to 1 min with maximum laser power (ND 0) led to irregularities in the flow pattern and subsequently induced the oc clusion of the capillaries (Fig. 5B) .
Although no extravasation of fluorescein, no change in capillary flow patterns, and no change in intravascular fluorescence were seen using the stan dard protocol of our feasibility study, in future ex periments, CLSM-fluorescence microscopy has to be validated with regards to the cellular damage caused by this method. Studies on the influence of CLSM on the ultrastructure of brain capillary en dothelium, brain protein synthesis, brain tissue ATP levels, and blood-brain barrier function are under way.
Optical properties of the system
To provide the basis for detailed morphological studies, the optical properties of our experimental setup have to be evaluated in greater detail. Our lens system was a water immersion system cor rected for a cover slip. This correction assumes that the specimen to be studied is very thin and in direct contact with the immersion. In our setup, this is only true for the very superficial layer of the spec imen, namely the meninges. Although brain tissue has a very high water content (approximately 80%), within the brain, tissue scatter and absorption of incident and reflected (or emitted) light renders the system far from the one assumed in the formula used to calculate the thickness of the optical sec-J Cereb Blood Flow Me/ab. Vol. 11. No.3, 1991 tions in the reflection mode (Xiao and Kino, 1987) . Specifically, the refractive index of brain tissue is inhomogeneous and does not equal the refractive index of water. Thus, there is a mismatch between the objective immersion medium refractive index and the refractive index of the specimen, leading to spherical aberration (C arlsson, 1990b) . In addition, Xiao and Kino (1987) calculated the depth of focus for a confocal reflection system. According to Sheppard (1989) , the axial resolution (and hence the depth of focus) can be expected to be slightly worse in a confocal fluorescence system. In preliminary experiments using fluorescent microspheres (Fluo resbrite 9.33 !-Lm YG-Iatex microspheres, Poly sciences Inc" St. Goar, Germany; injected into the internal carotid artery) trapped in brain capillaries, the optical slice thickness of our experimental setup was 1.5-2 !-Lm at a depth of 100 !-Lm. Precise knowl edge of the optical properties of the system [in par ticular the axial point spread function (Keller, 1990) as a function of the penetration depth] will also help to improve image-processing procedures, which ideally have to take into account the different opti cal properties at different planes of image genera tion.
Time resolution of CLSM imaging
With respect to dynamic studies, issues of time resolution have to be addressed. The 6-min acqui sition time for a typical three-dimensional series (384 x 256 x 50 pixels) is too long to study fast events like the controversial issue of capillary re cruitment after stimulation of CBF (Grover et aI., 1986; Gobel et aI., 1989) . On the other hand, since local brain geometry may change considerably after stimulation (e.g., with CO2), three-dimensional data sets as generated with optical sectioning may be useful in detecting induced changes in capillary per fusion even though brain geometry changes may have occurred. Furthermore, the acquisition time for a two-dimensional image (as in Fig. 5A) is not short enough (minimum of 1/16 s) to quantify the flow velocity of erythrocytes within capillaries. However, if only a single line is acquired instead of a two-dimensional image, the time resolution in creases to 500 Hz. If this line is placed parallel within a capillary, the velocity of single erythro cytes (flowing along the line) can be determined (Villringer et aI., in preparation) . Table 1 summa rizes further potential improvements and future di rections for confocal microscopic microangiogra phy.
In conclusion, we have shown that the brain mi crocirculation including intraparenchymal capillar ies of the outer 250 !-Lm of the brain cortex can be 
Animal preparation
Longer wavelengths with improved depth of penetration (Bonner, 1987) , less tissue damage New substances with longer excitation wavelengths, higher photon yield, less photo damage (Tsien and Waggoner, 1990 ) Higher numerical aperture lenses for improved z resolution, designed with fewer lenses for improved photon efficiency (Keller, 1990 ) Higher scan rates (acoustico-optical beam deflectors: Goldstein et a\., 1990 ; tandem scanning: Boyde et aI., 1990) for real-time scanning More powerful hard and software for improved image quality and possibly improved z resolution (deconvolution techniques: Agard, 1984 , Bertero et a\., 1990 ) Jet ventilation or cardiopulmonary bypass (Proctor, 1977) to reduce motion artifacts and image acquisition time studied with high resolution in vivo using CLSM. Further studies have to define the potential damage of the experimental setup and the optical properties of the system, and the time resolution of the method has to be improved.
